Wood-plastic composites (WPCs) were prepared by polypropylene, wood flour, maleic anhydride-grafted polypropylene and pristine (Na + montmorillonite)/TMImodified nanoclay using extruder followed by injection moulding technique. The surface mechanical properties of the nanoclay-based WPC were investigated by means of nanoindentation technique. The results show that the hardness, elastic modulus and creep resistant of the WPC dramatically enhanced with the incorporation of nanoclay. This enhancement was dependent on the nanoclay content as well as the dispersion of nanoclay in the polymer matrix. At 1 wt% nanoclay content, the hardness, elastic modulus and creep resistant of pristine nanoclay-reinforced WPC (WPC/MMT) improved by approximately 35%, 30% and 15%, respectively, compared to WPC without nanoclay. For the TMI-modified nanoclay-based WPC (WPC/MMT Cu), the improvements in these properties were about 1.2, 1.5 and 1.5 times higher than the WPC/MMT. Viscoelastic model was applied to examine the effect of nanoclay loadings on the creep performance of the WPC. Results exhibited that the model was in good agreement with the experimental data. Incorporation of nanoclay leads to an increase in elastic deformation, especially in WPC/MMT Cu, and induces a higher initial displacement at the early stage of creep.
Introduction
Nowadays, the use of wood-plastic composite (WPC) is increasing at a large rate every year. The maximum extensively diagnosed types of WPC are fabricated through blending of plastics and wood flour. There are various types of plastics which have been utilized as a part of WPC manufacturing. The commonly applied thermoplastics for WPC are polyethylene (PE), polypropylene (PP) and polyvinyl chloride (PVC).
Wood flour is a regular product of reused timber items, scrap timber and sawdust. However, the easy accessibility, low thickness, high stiffness, renewability and relatively low cost of wood flour make it favourable filler for polymer matrix composites. Despite the fact that, while the mixing of wood flour with thermoplastics by means of traditional strategies, the hydrophilic nature of wood flour makes it incompatible with thermoplastics that are profoundly hydrophobic in nature, it causes susceptible interfacial retaining between the wood flour and thermoplastics [1, 2] .
Many types of study have been conducted to enhance the physical and mechanical properties of WPC reinforced by wood flour [3] . Usually, one noteworthy and compelling approach to improve the physical and mechanical properties of WPC using wood flour is the fuse of nanofiller [4, 5] . The gain of utilizing nanofiller in composite is that nanofiller provides better performance, which includes high modulus and strength, an excessive thermal stability and low water absorption [6] . In particular, nanoclay has been acknowledged as good nanofiller to enhance the physical and mechanical properties of WPC through several works [7] .
However, natural montmorillonite (MMT) is a hydrophilic phyllosilicates which makes poor interfacial adhesion with the greater part of the polymer matrix which is hydrophobic by nature. Therefore, the modification of natural MMT is important to enhance the compatibility of MMT with polymers [8, 9] . In addition, the shape of neat MMT accommodates stacks which are held firmly by means of electrostatic strengths and it is essential for the nanoclay to undergo modification prior to fabricating of composite. The transition metal ions (TMI) modification has been extensively used to exchange the nature of nanoclay which is hydrophilic. Generally occurring MMT comprises cations that are not emphatically bound to the nanoclay surface, and TMI are utilized to change the cations present inside the nanoclay. This technique isolates the nanoclay platelets with the goal of effortless intercalation or exfoliation of nanoclay particles in polymer matrix. Moreover, TMI modification permits the nanoclay to be more compatible with an intensive variety of polymer matrix.
Nevertheless, the nanodimension of nanofillers, which are normally in the range of nanometre size and dimensions, forced a huge challenge for experimental equipment to describe their function in WPC. However, significant improvement in WPC incorporated by nanofillers has been made, but their dispersion mechanism and load transfer are still not thoroughly understood. It is a very long way from conclusions. Tensile test has been widely applied to study the mechanical properties and elastic/plastic deformation of nanofiller-reinforced polymer composite, with respect to the conventional mechanical testing. Because of the load and displacement resolution restrictions of microscopic tensile tester, the observations of the stress behaviour at the nanoscale level are relatively impossible [10] . It becomes difficult to study the deformation behaviour and mechanical properties of composite at the nanolevel, because fabrication of a tensile test specimen could create surface flaws that could cause surface stress/strain concentration on the tensile specimen [11] . Nanoindentation is the most reliable, accurate and advanced technique, to study the effect of nanofillers on deformation behaviour and the mechanical properties of materials [10] .
Nanoindentation is a more sophisticated technique which provides quantitative and qualitative information of subsurface mechanical properties of various materials [12, 13] . The principle of this technique is based on the local deformation phenomena of materials. These deformation phenomena occur at small load and scale with the help of indenter by the application of force or load. The elastic and viscous contribution combination with the total indentation depth represents the variation of indentation depth. Microindentation test has the same working principle as the nanoindentation test. However, the nanoindentation test produces indentations a few micrometres to a few hundred nanometres in size because the load and probe are smaller in nanoindentation test.
As per the best of our insight, a limited work has been performed on the measurement of the subsurface mechanical properties by utilizing nanoindentation technique as a part of fibre-reinforced plastic composite, for example, carbon or glass fibrereinforced thermally cured resin composite and thermoplastic matrix composites [14, 15] . This new approach has not been applied to assess the subsurface mechanical properties of WPC reinforced with nanoclay. The present study focuses on the investigation of subsurface mechanical properties of WPC reinforced with pristine and TMI-modified nanoclay using nanoindentation technique.
Experimental

Materials
Polypropylene Malaysia Sdn Bhd (Malaysia) supplied polypropylene (G 112), and wood flour (WF) was supplied by Leong Seng Sawmill, Gambang, Malaysia. Maleic anhydride-grafted polypropylene (MAPP) was purchased from Chemtura, China, and Cloisite Na + from Southern clay products, Inc., Gonzales, Texas, USA. Copper (II) chloride (CuCl 2 ), sodium chloride (NaCl) and methanol were supplied by Fisher Scientific (M) Sdn, Bhd.
Modification of pristine nanoclay
Copper (II) chloride was used as a transition metal ion to perform the modification process [16] . Before the transition metal ions (TMI) treatment, the Cloisite Na + (pristine nanoclay) was washed. The required weight of the materials for modification process is laid in Table 1 .
In this study, the clay (80 g) was placed in 1600 ml methanol solvent and the suspension was vigorously stirred for 24 h. Due to the swelling of nanoclay, the dispersion turned into viscous slurry, upon stirring for a few hours. The slurry was kept in 1 M NaCl solution for 48 h, to ensure the removal of exchangeable ion contaminants. The slurry was then filtered with the help of vacuum pump and dried in vacuum oven for 12 h at 80 °C. Using same solvent, the dried clay was placed in 0.30 M TMI solutions for the ion exchange to occur. Then, the suspension was stirred for 36 h. The samples were filtered and dried in vacuum for 12 h at 80 °C after the TMI treatment. Using pestle and mortar, the dried clay was then powdered. Nanoclay was in nanosize after powdered, which was checked by field emission scanning electron microscopy (FESEM).
Preparation of wood-plastic composites
Firstly, as per formulation presented in Table 2 , the Cloisite Na + , WF, PP and MAPP were weighed. Prior to the use of composite, all the fillers were dried at 85 °C in the convection oven for 48 h. A single screw extruder (Brabender GmbH & Co. KG, Germany) was used to mix all components of composite. The heating temperature profile of the screw was set at 190 °C in feed zone, 180 °C in melting and 170 °C in extruder die zone. The screw speed was 50 revolutions per minute, and the die size was 5 mm. Before being fed into the first zone of the extruder, the pristine nanoclay, WF, PP and MAPP were premixed. At the final stage, the extruder strand passed through a water bath and was subsequently palletized. Totally, 6 sets of blends and composite samples were fabricated. The compounded pallets were dried at 80 °C for 24 h before injection moulding to remove the remaining moisture. To produce the dumbbell-shaped specimens (ASTM 638 IV), the pallets were injection-moulded in a BOY 22 M machine. The processing temperatures were set at 190 °C in feed zone, 180 °C in melting and 170 °C in die zone. The cooling time was 20 s, clamping pressure 160 bars, injection pressure 100 bars, and plasticizing back pressure 5 bars. The injection speed and screw rotation speed were 142 and 1 mm/min, respectively. Finally, the dumbbell-shaped specimens were conditioned at a temperature of 23 ± 2 °C and relative humidity of 50 ± 5 °C for at least 40 h according to ASTM D618-99 [17] . The same method is repeated using the TMI-modified clays. Four types of samples that were obtained are pure polypropylene (PP), WPC without nanoclay, WPC incorporated with pristine nanoclay and WPC incorporated with modified nanoclay.
Characterization of wood-plastic composites
Density
Measurement of density was conducted according to ASTM D 792 [18] . Specimens were dried for 24 h at 105 °C. Five specimens were tested and their average values were reported. The value of the density was calculated using the following equation:
where ρ is the density, V is the volume, and m d is the dry weight of specimen.
Transmission electron microscope (TEM)
TEM analysis was employed with scale bar 100 nm to study the distribution of nanoclay insight into the composites. Wood-plastic composites sample powder was used for TEM analysis. Composites powder was mixed with water and then dropped on 400-mesh copper grids. The analysis was conducted using a ZEISS LIBRA 120 instrument.
Nanoindentation test
In this research, a fully calibrated Nano-Test (Micro Materials, Wrexham, UK) was used to perform the interfacial subsurface mechanical properties and subsurface creep behaviour of the PP and nanoclay-based WPC. Three-sided pyramidal-based Berkovich diamond indenter tip was used in this test. Using a suitable adhesive, a 1 cm × 1 cm × 1000 µm catted specimen was mounted onto the nanoindentation sample stub, and all tests were performed at room temperature. In this work, all the nanoindentation tests were carried out at initial load of 0.10 mN to maximum load of 10 mN. In this test, during the incremental increase in the load, a loading rate of test was maintained at 0.50 mN/s until the indenter reached the maximum depth into
the surface. At the maximum depth, in order to measure creep effects, the indenter was held for 180 s at peak load before unloading. The distance between two indentation points was 30 µm, to avoid overlapping problem. Average values were obtained from the measurements of 10 indentations. Hardness (H) and elastic modulus (E) of samples were determined with the of load-displacement data. As the indenter enter or penetrates the sample, at that time both plastic deformation and elastic deformation occur. However, only the elastic portion of the displacement is recovered during unloading. Nanoindentation hardness is defined as:
where P max is the load measured at peak depth of penetration (h) in an indentation; A is the projected area. where E r is the decreased elastic modulus and S max represents the slope of unloading curve at the point of maximum load.
The relationship between reduced modulus, E r , and elastic modulus, E s , is shown in the following equation [20] :
where E and V with subscripts 's' and 'i' are the elastic modulus and Poisson's ratios of the material and the indenter, respectively. Figure 1 displays the density of the PP, WPC and nanoclay-reinforced WPC (WPC/ NC) from pristine and modified nanoclay. As shown in Fig. 1 , all WPC/NC indicated higher densities than PP and WPC (control sample). Incorporation of nanoclay has increased the density of composite.
Results and discussion
Density
The reason may be that the pore-filling role and well dispersion of nanoclay particles. The better improvement was accomplished at 1 wt% of nanoclay. Nonetheless, loading high content of nanoclay diminished the density of composites Table 3 ). The reduction in density at high content is because of the poor dispersion and agglomeration of nanoclay particles. This result of density is comparable with that of cement-reinforced organoclay composites, where the density of cement composites increased due to the incorporation of an optimum content of nanoclay in cement paste. However, at excessive amount of nanoclay loading, the density of composites decreased. The reduction in density is due to the agglomeration impact of nanoclay particles [21] . In addition, WPC produced using modified nanoclay indicated higher density over pristine nanoclay-based WPC. The modified nanoclay-based WPC demonstrated density, around 1.26 g/cm 3 at 1 wt% content of nanoclay, whereas WPC/ MMT indicated 1.09 g/cm 3 at same content of nanoclay. The modification process reduces the sizes of nanoclay tactoids and promotes better nanoparticle dispersion, and subsequently the reduced tactoid sizes of modified nanoclay enhanced the pore-filling of composite. Because of this, WPC/MMT Cu had higher density over WPC/MMT. 
Transmission electron microscope (TEM)
It can be seen from TEM images that the quality of dispersion and distribution of the layered silicates were correlated with the amount of nanoclay loading and the TMI modification done on the nanoclay particles as shown in Fig. 2 . The samples analysed were WPC with 1 and 5 wt% MMT and WPC with 1 and 5 wt% MMT Cu, and the nanocomposites were magnified to 100 nm in order to obtain a clearer and in depth picture of the nanoclay particles and aggregates. It can be observed that structure of WPC incorporated with 1 wt% MMT as depicted in Fig. 2a as compared to WPC with 1 wt% MMT Cu (Fig. 2c) shows the dark line of nanoclay. The dark line of nanoclay indicates the agglomerations of the layered silicates. However, in Fig. 2c , the multi-layered nanoclay platelets intercalated with PP in the WPC and the particles did not flocculate in the sample. It can be observed that the modification done on the nanoclay particles has enhanced its dispersibility on the polymer matrix, helped to lower the surface energy of the host, and improved the wetting characteristics and intercalation with the polymer matrix. It is worth to mention that the TMI modification on the nanoclay particles has indeed aided in better dispersion and the ability to create better compatibility between nanoclay and polymer matrix.
Furthermore, Fig. 2b, d shows the TEM images of WPC with 5 wt% MMT and MMT Cu, respectively. Both the images showed the dark lines and the dark spots of nanoclay. It means the size of nanoclay particles became larger and reduced the number of intercalated platelets. As mentioned earlier in density result that the high loading of nanoclay are more prone to the agglomeration.
Nanoindentation
Subsurface mechanical properties
Figures 3 and 4 show typical loading-unloading curves of indentations for PP and two types of WPC with 0 wt%, 1 wt%, 2.5 wt%, 4 wt% and 5 wt%, of nanoclay content, respectively. Addition of wood flour to the neat PP increased the resistance of composites. The reason might be that high degree of hardness and stiffness introduced by the incorporation of wood flour in the composites [22] . In addition, the loading of nanoclay into the WPC resulted in its composites' surface being more resistant to penetration by an indenter over to that of pure PP and WPC without nanoclay. For the PP and WPC, the indenter reached the maximum depth of 2129 nm and 1913 nm, respectively. The maximum load was 10 mN during the maximum depth. The maximum depth of WPC reached 1637 nm, when 1 wt% of unmodified nanoclay had been introduced into the composite. With the similar loading of modified nanoclay into the WPC, the average maximum depth of composites reached 1589 nm, a decrease of around 3% compared to WPC-MMT. This means that the reinforcement effect of modified nanoclay is more effective. This is due to Unloading curves discontinuity of the pure PP, WPC and WPC/NC noticed at around 0.10 mN exhibits a recovery in the composites' surface. During the incorporation of nanoclay into the WPC, the yield strength of the WPC increased, as per results obtained by nanoindentation test.
The resistance of a material to the local deformation represents the hardness value (H) of the composite, whereas the overall stiffness of the composite represents the elastic modulus (E). The obtained nanoindentation test data were used to compute the reduced modulus and hardness values of composite. Equation 4 is then used to calculate the elastic modulus of composite. The average value of hardness and elastic modulus of neat PP and the WPC were plotted against nanoclay content in Figs. 5 and 6, respectively. As shown in both the figures, loading of nanoclay into the composite has shown positive impact on the mechanical properties of WPC. With the 1.0 wt% loading of nanoclay into the composite, both the elastic modulus and hardness of the composite effectively increased. This improvement might be attributed to the good uniform dispersion and better interfacial interaction of the nanofiller throughout the matrix, which enabled effective stress transferring from the matrix to fibres and then led to high hardness and elastic modulus. However, with high content, the nanoclay created poor dispersion into the composite due to the agglomeration of nanoparticles and then the hardness and elastic modulus started to decrease, so the composite with 5 wt% nanoclay revealed the minimum hardness and elastic modulus (Tables 4, 5) .
Shen et al. [23] reported in nylon-6/nanoclay nanocomposites the elastic modulus and hardness expanded with nanoclay addition (1-5 wt%), as expected; however, a slowdown of the development was seen above 2.5 wt% nanoclay content. These outcomes were related with the change in the nanoclay morphology observed when loading surpassed 2.5 wt%. Hardness and modulus increased with the addition of the nanoclay; however, the improvement was found to depend on the dispersion and the functionalization of the layered silicate.
In addition, with the loading of 1 wt% of unmodified nanoclay, the hardness and elastic modulus of the WPC increased by around 35% and 30%, respectively, over (Table 4) . With the incorporation of nanoclay, the WPC became stiffer. However, with the addition of same content of TMI-modified nanoclay to the composites, these properties of WPC increased by around 44% and 45%, respectively ( Table 5) .
As discussed earlier, modification of nanoclay improves the overall properties of the composites by improving dispersion of nanoclay into the composite.
Subsurface creep behaviour
Generally, there are two stages of indentation creep strain versus time curve. Due to the reorientation and slippage of polymer chains under constant load, the stage which reflects to area of decreasing creep rate is the primary stage or creep. Normally, after a certain period the stage which reflects to more or less persistent creep rate and the creep rate reaches a constant state value known as secondary stage or creep [24] . For the WPC/MMT as illustrated in Fig. 7 , the WPC with different content of MMT show particularly lower creep strain over neat PP and WPC at the same load after 180 s. The introduction of nanoclay into the WPC effectively improved their creep resistance as their creep strains were significantly decreased by 15% (1 wt% MMT), 13% (2.5 wt% MMT), 0.81% (4 wt% MMT) and 0.92% (5 wt% MMT), respectively. The secondary creep strain reduction is considered due to the restriction effect by the presence of small nanofillers. However, WPC with 4 and 5 wt% of nanoclay shows higher creep strain than the WPC with 1 and 2.5 wt% content of nanoclay. The increment of creep strain with 4 and 5 wt% of nanoclay might be attributed by the formation of nanoclay agglomerates. Agglomeration of nanoclay is not just interrupted interfacial interaction, but in worst scenario, it brought to the slippage layers of nanoclay that result in insignificant constraint creep resistance.
This result is comparable to that of nylon 66 (PA66)-reinforced nanoclay nanocomposites, whereby after a high loading of nanoclay, the enhancing effect of nanoclay was gradually decreased. The high concentration of nanoclay could change the morphology or microstructure of the polymer matrix, which could adversely effect on creep behaviour of composites [25] . Figure 8 shows the creep behaviour of modified nanoclay-based WPC (WPC/ MMT Cu). It can be seen that the creep strain of WPC is significantly reduced by adding nanoclay to the composites. The reduction rate is higher as compared to the neat PP and WPC. The results exhibit that the creep strains are reduced nearly by 22% for 1 wt%, 13% for 2.5 wt%, 7% for 4 wt% and 6% for 5 wt% nanoclay, respectively. The reduction in creep strain with the addition of modified nanoclay content suggests that the development of nanoclay layer that permits more PP chains to enter the nanoclay galleries created maximum interaction between nanoclay and the polymer matrix. As a consequence, when the constant load is applied, it could retard the molecular mobility.
However, WPC prepared from modified nanoclay showed higher improvement in creep resistance over unmodified nanoclay-based WPC. With the loading of 1 wt% of unmodified nanoclay, the creep strain of the WPC decreased by around 15% over WPC. However, with the addition of same content of TMI-modified nanoclay to the composites, these properties of WPC decreased by nearly 22%. Modification of nanoclay enhances the dispersion of nanoparticle into the composites. Well-dispersed nanofillers are producing huge interfacial areas that are contributed to the change of curing degree and mobility of polymer chains [26] .
A generalized elastic-viscoelastic (EVE) model which is a refined form of elastic-viscoelastic-viscous (EVEV) model [27] was used to modelling the obtained results of creep test. The EVE model was applied to obtain a deeper insight into the creep response of nanoclay addition to the WPC. This model is a combination of a series of spring and dashpot which define the total displacement during indentation creep test. According to this model, during the indentation the creep deformation can be expressed as:
where the indentation creep displacement is represented by h. h in stands for virtual length which is used to express the indentation strain as in ε = h/h in , and its value is equal to the elastic-plastic displacement. P o and E o represent the persistence indentation load for the indentation creep test and the elastic modulus of material, respectively. At the beginning of the indentation creep test, the initial contact area is presented by A o . The calibrated indenter area function can be used to express the A o . For the ith Kelvin unit in the model, E i is the elastic modulus and η i is the viscosity coefficient. The n stands for the numbers of the Kelvin units, with the value of n = 3, whereas t is the creep time [27] . The viscoelastic deformation controlled by the exponential terms during creep, according to the equation and the deformation which are instantaneous displacement resulting from the elastic deformation of the materials during loading are the two contributions to the deformation which should include in an indentation creep test.
This model can be applicable to the indentation creep data for the polypropylene and nanoclay-based wood-plastic composite. As depicted in Figs. 7, 8, 9 and 10, the model shows a satisfactory agreement with the indentation creep data of neat polypropylene and nanoclay-based WPC with different concentrations of MMT (pristine) and MMT Cu (modified) nanoclay. Table 6 exhibits the fitting results by using Eq. 5 for the indentation creep data. The value of instantaneous displacement, h e , which is obtained by the elastic deformation, illustrates some decrement during the addition of wood flour to the neat polypropylene. According to this result, the hardness and stiffness of wood flour possibly retard the initial process of creep, whereas the nanoclay-based WPC shows the initial creep slightly increased with increasing nanoclay loading. The increases of h e maybe correlate with the aggregation of nanoclay in the polymer matrix. The WPC with lower content of nanoclay shows a lower value of h e , indicating that a higher stiffness composites were developed. A further increase in nanoclay loading causes an increase in elastic deformation and stimulates a higher initial displacement at the early stage of creep. At the initial stage of creep, WPC/MMT Cu shows better performance in creep resistant than WPC/MMT due
to a lower value of h e . It shows that the incorporation of modified nanoclay in the polymer matrix plays vital role in controlling creep at the initial stages. For viscoelastic behaviour which is represented by h 1 and h 2 , the presence of nanoclay demonstrates some improvement on the creep performance by decreased depth penetration in both MMT and MMT Cu nanoclay-based WPC. The WPC without nanoclay has longer retardant time than neat polypropylene, while in nanoclay-based WPC with the addition of nanoclay, the retardant time became longer, especially in τ 1 . The increase in retardation time in nanoclay-based WPC represents the clay-matrix interactions. The value of τ 1 is higher than τ 2 , most probably associated with the movement of the polymer chains. 
Conclusions
The surface mechanical properties of nanoclay-based WPC were examined by means of nanoindentation technique. The effect of nanoclay loading on the hardness, elastic modulus and creep resistance of PP, WPC and WPC with pristine-/TMI-modified nanoclay was investigated. The results show that the hardness, elastic modulus and creep resistance significantly enhanced with the addition of nanoclay. WPC/MMT Cu showed greater improvement than WPC/MMT. Modification of pristine clay significantly improved the interaction and the dispersion of nanoclay into the matrix. With a higher content of nanoclay, the surface mechanical properties of composites decreased, due to the aggregation of nanoclay. The enhancement of subsurface mechanical properties and creep resistance of WPC affirmed that nanoclay has good reinforcement and the optimum impact of nanoclay was accomplished at 1 wt%.
